Introduction
Alcohol is rapidly metabolized to acetaldehyde by alcohol dehydrogenase and then to acetic acid and acetyl-CoA (which can enter the citric acid cycle). This metabolism is associated with a marked change in the redox potential and transformation of xanthine dehydrogenase to xanthine oxidase, resulting in free radical production [1] . Continuous alcohol intake will also result in induction of cytochrome P450 2E1 and consequential lipid peroxidation and generation of Reactive Oxygen Species (ROS) causing damage to cellular components [2] . Chronic alcohol abuse is known to result in damage to multiple organs, especially the liver and it has long been accepted that a factor in the pathogenesis of alcoholic liver disease is oxidative stress resulting from the production of free radical species. As it is generally accepted that this damage is continuous during drinking but at a low level, we have previously examined the effect of use of an organic peroxide, tertiary-Butyl Hydroperoxide (tBH) to investigate increased sensitivity to ethanol in rodent hepatocytes and cell lines [3] . Some previous studies clearly demonstrated that alcohol related damage was associated with lipid peroxidation and that free iron is possibly involved in this pathway [4] .
While the liver cells contain anti-oxidant molecules such as glutathione, vitamins C and E, and antioxidant enzymes, these become depleted with continuous alcohol intake [5, 6] . The consequential change in redox imbalance caused by ROS generation has been observed in patients with alcoholic liver disease [7] but attempts to ameliorate these disturbances through the administration of antioxidants has met with mixed results [1, 8, 9] . In contrast to this, many animal model studies (principally with rodents) have shown that these antioxidants and vitamin E in particular do have mitigating effects on free radical damage of the liver related to alcohol abuse [10] [11] [12] [13] [14] . Much of the damage appears to be associated with peroxidation of lipid membranes as use of N,N-Diphenyl-P-Phenlylenediamine (DPPD) a lipid radical scavenger has been shown to prevent oxidation and liver cell death in α-tocopherol (a form of vitamin E) deficient rats and cultured hepatocytes [3, 15] . Antioxidant supplementation for a wide variety of diseases states has been widely practiced. However, this continues to this day to be controversial. Vitamin E has been extensively studied as a cardio-protectant for many years, but there is little agreement as to its effectiveness [9, [16] [17] [18] [19] . In general, plasma antioxidants are low in patients with alcoholic liver disease [8] and with non-alcoholic fatty liver [20] . While clearly an antioxidant, vitamin E has shown mixed results in clinical trials on a variety of liver disease patients [21] [22] [23] [24] [25] . Experimental models tend to show a clearer picture, with vitamin E reducing lipid peroxidation [26, 27] but have usually either studied acute or overnight effects and have not dissected the liver cell
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Abstract
Alcohol intoxication is known to be associated with free radical generation and cellular oxidative stress. In consequence, treatment of recovering chronic alcoholic subjects frequently includes administration of a variety of antioxidant substances, such as vitamin E (alpha-tocopherol). However, recent controversial studies have suggested that vitamin E supplementation may not be cardioprotective, but no such data are available for hepatic consequences. The aim of this study was therefore to examine the protective effects of vitamin E in an in vitro Electron Paramagnetic Resonance (EPR) study of alcohol-mediated free radical generation. Two cell lines were used, rat FtO2B cells and mouse RAW 264.7, to represent the major cell populations of the liver -parenchymal (hepatocytes) and non-parenchymal (Kupffer cells) -cells respectively. Both cell lines express all of the major functions of normal liver cells & are therefore considered to be representative of a typical liver. Cells were incubated in medium containing 100mM ethanol and the presence or absence of a range of concentrations of either vitamin E, or the mimetic Trolox, and the free radical trapped using the spin trapping agent CPH. The radical adducts were then quantitated at room temperature by double integration of the X-band spectra obtained from a Bruker EMX spectrometer. All doses of vitamin E reduced free radical generation by at least 35-45% in both cell types in both acute and chronic studies. By contrast, however, the water-soluble mimetic Trolox acutely increased free radical production in Ft02B cells and had no protective effect after 1 hour pretreatment. In RAW 264.7 cells, it had no acute protective effects, but increased free radical production following 1 hour pretreatment. These results suggest that the possible hepatoprotective effect of vitamin E is related to its lipid solubility and that its presence in the hepatic cytosol may stimulate free radical formation, leading to a nullification of the protective effect.
populations to determine whether there is a differential effect. It was the aim of this study, therefore to examine the effects of a stressor (tBH) on cells representing hepatocytes and non-parenchymal cells (Kupffer cells) incubated in alcohol containing medium and to assess both the short-term (4 hours) to long-term (7 days) protective effect of a range of concentrations of vitamin E.
Materials and Methods
Cell culture
Two cell lines were used, FtO2B (a rat hepatoma cell line) and RAW 264.7, to represent parenchymal and non-parenchymal liver cells, which comprise more than 75% of the total cell population of a normal liver [approximately 60% are hepatocytes and 10-15% hepatic macrophages/Kupffer cells]. FtO2B cells which are a rat hepatoma cell line were a kind gift from Dr. J Lancaster Jr. RAW 264.7 cells were purchased from ATCC. This cell line is a mouse peritoneal macrophage cell line established from a tumor induced by Abelson murine leukemia virus. The rat hepatoma cell line FtO2B was grown at 37°C in a 5% CO 2 atmosphere in Dulbecco's modified Eagle's medium/Ham's F12 medium (1:1) supplemented with 10% non-heat-inactivated bovine calf serum, 2mM glutamine, 50 U/ml penicillin-streptomycin, and 0.2% sodium bicarbonate. FTO2B cells (2 × 10 5 /ml) were plated in 12-well plates and allowed to adhere overnight before an experiment. Cells were used for experiments only when they were 60% confluent or more and did not reach more than 90% confluence over 7 days experimentation. The RAW 264.7 cells, representing non-parenchymal macrophages, were cultured in RPMI 1640 medium similarly supplemented with 10% non-heat-inactivated bovine calf serum, 2mM glutamine, 50 U/ml penicillin-streptomycin, and 0.2% sodium bicarbonate (Sigma-Aldrich). RAW 264.7 cells (2 × 10 5 /ml) were again plated in 12-well plates and allowed to adhere overnight before experimentation.
Alcohol metabolism
To assess the capability of these cells to metabolize ethanol, cells were incubated in the presence of 100mM ethanol and the rate of disappearance from the culture medium quantitated using an alcohol determination kit (Sigma-Aldrich). Evaporation losses were determined using 12-well plates containing supplemented medium and alcohol alone. Ethanol-containing medium was changed every 24 hours and the rate estimated daily for 1 week.
Free radical generation
Preliminary data on free radical generation was generated through assessment of Thiobarbituric Acid Reactive Substances (TBARS). While alcohol is considered to be a stressor, it is generally considered that severe oxidative stress requires a second insult (the "second hit" theory) [28] . FtO2B cells were incubated for 1 hour at 37 o C in the presence of 100mM ethanol, 100 µM ferrous sulfate (Fe), 100 µM Fe + 100mM ethanol, 400 µM t-Butyl Hydroperoxide (tBH -Sigma-Aldrich) ± 100mM ethanol. Of these treatments, tBH was selected for the oxidative stress experiments because of a well-defined free radical and cell killing response that we had previously determined for rat hepatocytes & FtO2B cells [3] . Viability of FtO2B cells at various concentrations of 100mM EtOH, or medium alone were assessed after 24 hour culture using an assay for lactate dehydrogenase in the culture supernatant and lysed cells.
Experiments to determine the efficacy of vitamin E (α-tocopherol) as an antioxidant were then performed on these cell cultures at time points ranging from acute (2 hours ) incubations up to 7 days in cell culture. The optimal range of concentrations of vitamin E was determined from an initial acute study using FtO2B cells and a 2 hour incubation (data not shown). 12-well plates were then incubated for either 4 hours, 16 hours (overnight) or 7 days in the presence or absence of ethanol and/or a range of vitamin E concentrations (0 -100 µM). 10 wells of each plate were used for free radical determinations and 2 for viability assays. Experiments were also carried out using the same protocol but adding a range of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid -Hoffman-LaRoche) concentrations (0 -250 µM) , a more hydrophilic analog of vitamin E, instead of vitamin E. Medium in all culture wells was changed daily.
Free radical determinations
Free radical determinations were carried out on suspensions of cells in medium, incubated with 2.0mM α-(4-Pyridyl 1-oxide)-N-tert-butylnitrone (POBN -Enzo Life Sciences), a cell permeable hydrophilic spin trapping agent. This agent traps both superoxide and hydroxyl free radicals [29] but superoxide adducts tend to be unstable, forming false hydroxyl complexes. However the current study was to determine total free radical generation in response to ethanol and other stressors.
The standard procedure for ROS determination was to incubate the wells containing FtO2B or RAW 264.7 cells with tBH and POBN for 30 minutes at 37°C and then remove the entire contents of the wells and snap-freeze them in Liquid Nitrogen (LN 2 ). Samples were then stored in LN 2 until EPR spectroscopy was performed. For EPR measurements, snap-frozen samples were rapidly thawed at 37°C and aspirated into glass capillaries (ID 1mm) and spectral intensity read at room temperature using a Bruker EMX spectrometer & quantitation of this by double integration of the spectra. The EPR spectrum settings were as follows: modulation amplitude 1.0 gauss, scan time 83 seconds, time constant 163 msec and microwave power 40 mW, field sweep 60 gauss, microwave frequency 9.78 GHz (X-band), receiver gain 5 x 10 3 , center field 3485 gauss, as described previously [30] . ROS quantification from the EPR spectra was determined by double integration of the peaks, Day-to-day reproducibility was maintained through use of a 100 µM solution of TEMPOL (4-Hydroxy-2,2,6,6-tetramethylpiperidinyloxy -Enzo Life Sciences), a natural spin adduct. All results were normalized to the sample protein concentration. Values are expressed as arbitrary values or % control values.
Statistics
Each type of cell was analyzed separately and are only shown together to highlight changes in response to free radical generation caused by antioxidant treatment. Each of the 10 wells on every plate was analyzed separately for free radical generation at each time point (10 individual readings per time point). Statistical analysis was performed using ANOVA followed by t-tests with the Bonferroni inequality was used to determine significance. A minimum probability value of p<0.05 was used to determine statistical significance.
Results
Ethanol metabolism
Ethanol metabolism by FtO2B cells in culture was steady and sustained. As can be seen in (Figure 1A) , alcohol metabolism was approximately linear over 5 hours; the corrected catabolic rate being estimated at 9.50 ± 0.57 µmoles/mg cell protein. As anticipated, ethanol disappearance from the tissue culture wells accounted for approximately 25%/day; the total change in alcohol content/hour being shown in ( Figure 1B) . No significant metabolism of ethanol by RAW 264.7 cells was observed during this period. Although there was a trend towards minimal metabolism, values for ethanol disappearance were not significantly greater than the values observed for total ethanol loss from the flasks.
The presence of 100mM ethanol, while clearly being metabolized by FtO2B cells, did not generate significant quantities of free radicals when compared to cells incubated in medium alone, as may be seen for the control values in (Figure 2) . Viability of these cells as determined by trypan blue exclusion & medium LDH values gave slightly different values. Trypan blue dye exclusion consistently gave 96% ± 2% for all cultures in the presence or absence of alcohol over 7 days culture. However, LDH values in cells incubated in the presence of ethanol suggested a reduction in viability from 98% after 4 hours to 93 ± 3% after 7 days incubation. Interpretation of these values is difficult since the cells grew to almost 90% confluence during this time period. This change in viability was not statistically different from that seen with cells cultured in medium alone. Addition of 400 µM t-Butyl Hydroperoxide (tBH) to these cells resulted in a 2500 times increase in free radicals irrespective of the presence of ethanol (p = NS). Treatment with 5 µM cyanamide, an inhibitor of acetaldehyde metabolism [31] , had no effect on free radical production. Addition of 100 µM 4-Methylpyrazole (4-MP [32] ) significantly decreased free radical generation, but only in cells cultured in ethanol-containing medium.
Antioxidant effects of vitamin E
Free radical production, elicited by the addition of tBH remained maximal throughout 7 days in culture. The addition of vitamin E to FtO2B cells cultured in the presence of alcohol from 4 hours to 7 days significantly reduced free radical production caused by the addition of t-BOOH. As may be seen in (Figure 3) , maximal free radical inhibition occurred throughout the range of vitamin E doses administered following overnight incubation. This antioxidant effect was significantly less pronounced when similar treatment was applied to RAW 264.7 cells, only reaching significant values at the higher concentrations following 4 hours incubation ( Figure 3A) . Overnight culture of both cell types resulted in significant lowering of free radical production ( Figure 3B) ; reducing generation in FtO2B cells to almost normal levels. Vitamin E was less effective in RAW 264.7 cells lowering free radical generation by approximately 40%. Following 7 days culture, vitamin E tended to have less of an antioxidant effect for FtO2B cells ( Figure 3C ). Never the less, vitamin E still appeared to have a protective effect against free radical production. A.12-well plates containing FtO2B cells grown to 90% confluence were incubated at 37°C in a 5% CO¬2 atmosphere in 100mM ethanol in Dulbecco's modified Eagle's medium/Ham's F12 medium (1:1) supplemented with 10% non-heat-inactivated bovine calf serum, 2mM glutamine, 50 U/ml penicillin-streptomycin, and 0.2% sodium bicarbonate. Aliquots of the supernatant were aspirated and used to determine residual alcohol content. These were then corrected for evaporation using values obtained from 12-well plates containing the alcohol solution. Values represent the means+ SEM of at least 12 determinations. B. 12 well plates containing FtO2B cells grown to 60% confluence were incubated at 37°C in a 5% CO2 atmosphere in medium containing 100mM ethanol for 1-7 days. The alcohol containing medium was changed daily. Aliquots were aspirated and ethanol concentrations assayed using a commercial kit (Sigma-Aldrich). Loss through ethanol evaporation was determined using plates containing ethanol and medium alone. Values represent the mean + SEM of 10 determinations. The other 2 wells were chosen randomly and viability of the cells assessed by trypan blue exclusion. Cells were then scraped, washed twice with phosphate-buffered saline and total protein per well quantitated. 12 well plates containing FtO2B cells in cultured in the presence or absence of 100mM ethanol were incubated for 30 minutes in the presence of 400 µM t-Butyl Hydroperoxide (tBH) + the alcohol metabolic inhibitors cyanamide (5 µM) and 4-methyl pyrazole (100 µM), and 2 mM POBN. The supernatants were then aspirated and snap-frozen in Liquid Nitrogen (LN2) until free radical determination in a Bruker EMX EPR spectrometer at 9.78 GHz.
Alcohol-containing medium, medium alone. Values represent the mean + SEM of 10 determinations. *p< 0.001 vs. medium alone containing tBH.
Antioxidant effects of a vitamin E mimetic
The effect of a commercial vitamin E mimetic (Trolox) was investigated for amelioration of free radical formation from both FtO2B and RAW 264.7 cells. Cells were incubated for 4 hours and overnight in the presence of a range of Trolox concentrations. However, unlike vitamin E, there was no significant change in free radical production at any Trolox concentration ( Figure 4A 
Discussion
Vitamin E, discovered in 1922 [33] has long been known to be an essential nutrient and have antioxidant and pro-oxidant properties [34] . In particular it is known to prevent mitochondrial dysfunction in response to tBH induced oxidative stress and reduce membrane lipid oxidation in rodents [35] . Experimentally, ethanol intoxication has been shown to be associated with free radical generation [36] . α-tocopherol supplementation to rats chronically exposed to ethanol has been shown to prevent the formation of Mallory bodies and inflammatory infiltration of the liver but not increased apoptosis, inspite of increased antioxidant gene expression [6] . Several groups have shown that subjects with alcoholic liver disease have been shown to have significantly lower plasma vitamin E levels [9, 37, 38] and a higher degree of redox imbalance [7] . However, the results of long-term vitamin E supplementation have been controversial and inconsistent [5, 14, 39, 40] although positive results have been reported in patients with non-alcoholic fatty liver [20, 21] .
Because of these inconsistent results, we have studied the effect of vitamin E supplementation in tissue culture using two cell lines, to investigate possible differential cell responses. This study is part of a larger investigation into the effects of free radical generation following alcohol intoxication and the transition from cell signaling at low concentrations to cellular damage at higher levels using Electron Paramagnetic Resonance (EPR) techniques. The 2 cell lines were chosen to reflex the two major cell populations in the liver; parenchymal cells (FtO2B) and non-parenchymal cells (RAW 264.7). While these are cell lines & not primary cultures of liver cell populations, both cell lines clearly demonstrate most normal liver cell functions and have been used by many investigators in hepatology research. Since the liver hepatocytes are the primary site of ethanol metabolism, we examined the rate of disappearance from the media (adjusted for normal evaporation). The FtO2B cells in this study clearly metabolized ethanol at a constant rate throughout the 7 day study. The rate of ethanol metabolism is similar to that seen in rat hepatocytes [41] . Furthermore, this rate of catabolism appeared constant over 7 days of cell culture with minimal cell death (< 10%). However, a dose of 400 µM tBH was chosen from a dose response curve for the oxidative stress because it had been previously shown to result in 40-50% loss of viability following 120 minutes incubation (Obih et al.,) . tBH itself has been used in lipid per oxidation studies and is often used in antioxidant experiments because of its relatively slow generation of free radicals [42, 43] . The relationship between free radical generation and alcohol metabolism becomes apparent when ethanol metabolic inhibitors are added: the addition of 4-methylpyrazole to cells cultured in ethanol significantly lowers the free radical generation but not cyanamide. As this is inhibiting alcohol dehydrogenase, but not acetaldehyde dehydrogenase, this implies that free radical production does not occur during the first step of alcohol catabolism, or oxidative stress in these cells is unaffected by ethanol breakdown.
The addition of vitamin E to FtO2B cells in culture clearly has a significant direct protective effect at all concentrations used. Surprisingly it was most effective after an overnight culture and slightly less effective at 7 days. This probably reflects a slower distribution within the cells to where it can exert its beneficial action. For RAW 264.7 cells, however, 5 µM had no protective effect when incubated for 4 hours. After that period, overnight incubation resulted in a dose-dependent tendency for protection against free radicals. After 7 days incubation, protection against free radicals was effectively the same as for the FtO2B cells. These findings correlate well with those observed by Jordao and co-workers in rats [26] , but not in patients with alcoholic cirrhosis [5] . 12 well plates containing FtO2B cells or RAW 264.7 cells in culture in the presence of 100mM ethanol and 400 µM t-Butyl Hydroperoxide (tBH) were incubated for 4 hours (A), 16 hours (B) or 7 days (C) over a range of concentrations of vitamin E (0 -100 µM). Cells were then incubated for 30 minutes in the presence of 400 µM t-Butyl Hydroperoxide (tBH) and 2mM POBN. The supernatants were then aspirated and snap-frozen in Liquid Nitrogen (LN2) until free radical determination in a Bruker EMX EPR spectrometer at 9.78 GHz.
Because of the time lag for maximum protection in the FtO2B cells, trolox was substituted for α-tocopherol in one set of experiments with FtO2B and RAW 264.7 cells. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) is a water-soluble vitamin E mimetic that will nevertheless partition into liposomes [44] and has been used as a commercial standard for antioxidant activity. Unlike α-tocopherol, it had no protective effect at concentrations from 10-250 µM when incubated with FtO2B and RAW 264.7 cells for 4 hours in the presence of ethanol. Overnight culture resulted in some protection for FtO2B cells at concentrations of 10 and 50 µM, but pro-oxidant activity for the RAW 264.7 cells at the same concentrations. Why this occurred is not clear, but it is known that trolox can exhibit pro-oxidant activity in the presence of transition metals [45] and free iron may be released from the cells to generate a Fenton-type reaction. Cell cultures of tumorigenic cells have also shown minimal protection against ROS and impaired cell survival [46] . From these data it is clear that protection from free radicals in alcoholic liver disease is dependent not only on the antioxidant, but also the cell type. Naturally occurring vitamin E is a composite of 4 tocopherols and 4 tocotrienols, of which a-tocopherol is the most abundant. Based on our data, it is possible that one of the other 7 compounds may prove to be equally effective, if not more so. Furthermore, cell differences in handling of vitamin E may make true protection problematic unless it can be targeted. Further research is clearly needed into these findings from the above research.
